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THERMAL EFFECT ON THE ROTATIONAL PERIOD 

OF AN ARPIFICLAL SATELLITE 1 

by 

2 3 G. Colombo and P. Higbie 

Summary.--An accurate  determination of t h e  instantaneous o r i e n t a t i o n  
of t he  Explorer X I  S a t e l l i t e  (y-ray te lescope)  w a s  very 
important f o r  t h e  ana lys i s  of t h e  d a t a  from t h e  main experi-  
ment. Many prec ise  observations of t h e  s o l a r  t r a n s i t  obtained 
by means of sun and e a r t h  aspect sensors were recorded by t h e  
MIT Cosmic-Ray Group. On some days more than  60 observations 
of t he  phase angle w e r e  recorded with an accuracy of 0.1 see,  
which corresponds t o  a f e w  degrees' accuracy i n  the  o r i e n t a t i o n  
of t h e  s a t e l l i t e  axis. I n  p a r t i c u l a r ,  t h i s  observat ional  
material i s  usefu l  f o r  studying t h e  short-per iodic  v a r i a t i o n  
of t h e  angular ve loc i ty .  

An ana lys i s  of t he  decay of t he  average d a i l y  angular 
v e l o c i t y  i n  t h e  200-day period of observations w i l l  be given 
f irst .  
magnetic h y s t e r e s i s  torques. However, a d i s t i n c t  c o r r e l a t i o n  
between var ia t ions  i n  these (estimated by computing t h e  d a i l y  
average of  H:) and the  measured damping torque is not completely 
c l ea r .  Any such cor re la t ion  would be modulated by changes i n  
the  e l e c t r i c a l  and magnetic p r o p e r t i e s  of t h e  sa te l l i t e  components 
caused by var ia t ions  i n  temperature. 

This decay i s  most l i k e l y  due t o  eddy-current and 

I n  t h e  second p a r t  an a n a l y s i s  of t h e  angular v e l o c i t y  
f l u c t u a t i o n  with a period of one o r b i t a l  revolut ion w i l l  be 
made. The o s c i l l a t i o n  i s  explained by t h e  v a r i a t i o n  of t h e  
body's moment of i n e r t i a  by thermal expansion and contract ion 
because of per iodic  changes i n  t h e  s a t e l l i t e ' s  temperature 
caused by the  passage o f t h e  s a t e l l i t e  through t h e  e a r t h ' s  
shadow. 
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1. The s a t e l l i t e  i s  a n  elongated body and i s  shown i n  f i g u r e  1. F i l t e e n  
d-ays aii"cer launch t h e  motion about t h e  cen te r  of  mass became a r o t a t i o n a l  
motion around the  axis  of maximum moment of i n e r t i a  (a t r a n s v e r s a l  axis) 
wi-th a period slowly inc reas ing  from 12.34 sec t o  15.85 sec i n  180 days 
(from tlie 20t11 t o  t h e  200~~11 a.YLer launch). 

The ax is  of r o t a t i o n ,  which was almost f i x e d  i n  t h e  body, moved i n  
space w i t h  a slow precess iona l  motion (a f e w  degrees p e r  day on t h e  average) 
( f ig .  2). 
t he  d i f f e r e n t i a l  g r a v i t y  torque and, mainly, by the  torque experienced 
by the  e a r t h ' s  magnetic f i e l d  on the  equivalent  magnetic dipole  of t h e  
s a t e l l i t e  (Colombo, 1962; Naumann, 1961). 
hundred dyne -cm . 

The precessional  motion of t h e  tumbling axis w a s  caused by 

This  torque amounts t o  a few 

The decaying of t h e  magnitude of the  angular  momentum, t h a t  i s ,  t h e  
decay of the tumbling angular  velocity,  i s  bel ieved t o  be due mainly t o  
the damping torque (of t he  o rde r  of 1 dyne-ern i n  average) caused by the  
eddy currents  and by t h e  magnetic h y s t e r e s i s  e f f e c t .  The maximum d a i l y  
average of t h i s  damping torque i s  less  than 2 dyne-cm. 
angular  ve loc i ty  and dece lera t ion  p l o t t e d  a g a i n s t  t i m e  ( f i g .  3) a f t e r  
f i r i n g  d e f i n i t e l y  shows a c h a r a c t e r i s t i c  behavior, which a t  t h e  f i r s t  
a n a l y s i s  was believed t o  be co r re l a t ed '  only wi th  :he v a r i a t i o n  of the  
square of the component H of t h e  magnetic f i e l d  H normal t o  t h e  a x i s  of 

r o t a t i o n  (see Colombo, 1962) . 
second period (I20 t o  200 days a f t e r  launch).  

The d a i l y  average 

1 
The c o r r e l a t i o n  i s  no t  very c l e a r  i n  the  

In f igu re  3 w e  have p l o t t e d  a g a i n s t  t i m e  
v e l o c i t y  and t h e  average angi la r  decelerat ion,  t he  d a i l y  average value 
o f  t h e  square of t h e  component H, of t h e  e a r t h ' s  magnetic f i e l d ,  t he  

measured temperature of the  MIT package and of t he  b a t t e r y ,  the  d a i l y  
geomagnetic index, and the  average f r a c t i o n  p e r  day of t h e  o r b i t a l  per iod 
(10s minutes) the  s a t e l l i t e  spent i n  sunlight.  
a f f e c t  i n  some manner the  conduct ivi ty  and the  magnetic permeabi l i ty  of 
t h e  s a t e l l i t e  as w e l l .  as the  e a r t h ' s  magnetic f i e ld ,  and consequently 
a f f e c t  t h e  damping torque. It seems very d i f f i c u l t  t o  de r ive  a d e f i n i t e  
q u a n t i t a t i v e  conclusion on t h e  behavior of t h e  angular  v e l o c i t y  decay, 
mostly because t h i s  angular  dece lera t ion  i s  an  accumulation of d i f f e r e n t  
e f f e c t s .  I n  t h e  next  sec'iions an ai ia lysis  vi11 be mace of 'che v a r i a t i o n  
w i t h  t i m e  of t h e  average d a i l y  torque. 

the average angular  

- 

All these v a r i a b l e s  

2. 
of t h e  type 

Lst us assume t h e  equation of motion around the  tumbling axis t o  be 

( a w  + B )  H d 
d t  1 
- (Iw) = - 
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Here I i s  the  moment of i n e r t i a  of the body about the  tumbling ax i s ,  9 

t he  instanteous a n m a r  veloci ty ,  QUI $j12 t h e  edd-y-current torque, ailci @HI 
t he  magnetic h y s t e r e s i s  torque.  

2 

W e  may w r i t e  equation (1) in the following form: 

The term 10 - d1 would take i n t o  account t he  poss ib le  changing of the d t  
moment of i n e r t i a  with t ime.  
expansion b) displacement of masses ins ide  the  body, and e) second- 
order  e f f e c t s  of t he  main g r a v i t a t i o n a l  and magnetic torques t h a t  caused 
the  precess iona l  motion of the tumbling a x i s .  A f a i r l y  good representa- 
t i o n  of the angular  v e l o c i t y  var ia t ion  wi th  time f o r  the period of 
observation i s  given by 

The l a t t e r  may be due t o  a )  thermal 

dw 
d t  - 
- = exp /-7.3 x lf3 t (-20.7 + 16.2 cos 0 t) , 

- .  . - -w i n  rev/day-, and a = - day . 55 
where t i s  i n  days a f t e r  launch day, - d t  

This a c c e l e r a t i o n  may be considered as the  sum of a n  exponent ia l  
decay term wi th  a re laxa t ion  time of 137 days p lus  a damped o s c i l l a t i o n  
of t h e  a c c e l e r a t i o n  with the  same relaxat ion time, and with an i n i t i a l  

dw amplitude of the same order  of magnitude of the i n i t i a l  value of - d t  . 
The period of the damped o s c i l l a t i o n  i s  almost equal  t o  the  per iod of t he  
precess iona l  motion of t h e  tumbling axis descr ibed i n  Colombo (1962). 
This w a s  the  reason why w e  f i r s t  thought of a c o r r e l a t i o n  between the  
v a r i a t i o n  of the  o r i e n t a t i o n  of the tumbling axis wi th  respect  t o  the  
e a r t h ' s  magnetic f i e l d ,  which causes v a r i a t i o n  o f  t h e  average value of 

2 Hi , and t h e  v a r i a t i o n  of t h e  angular acce lera t ion .  
various mechanisms t o  see which might explain t h e  per iodic  component of t h e  

We s h a l l  now examine 
I 

dece lera t ion  (3).  ~ 

, 
d I  
d t  F i r s t  suppose the  term 10 - in  (2) t o  be negl ig ib le ,  which means 

dm i s  responsible f o r  t he  f l u c t u a t i o n s  of - d t  ' the  term - ( a w  + (3) H 

Since the amplitude of the periodic v a r i a t i o n  of H 2 is not 
- 

than 1 
-3 - 



I . 

10 p e r  cent of t h e  average value, if CY and 
may have t o  suppose t h a t  HL2 has t o  overcome 2 threshold value i n  

order  t o  make the eddy-current and h y s t e r e s i s  torques e f f e c t i v e  f o r  
damping t h e  angular ve loc i ty .  This threshold value could be r e l a t e d  
t o  the  a c t u a l  existence of a f a i r l y  strong permanent magnetization of 
t he  body. 
torque could not occur.  For these reasons the  a c t u a l  dependence of the 

eddy-current torque on H * f o r  a body with an i n t r i n s i c  dipole  and with 

ferromagnetic par t s ,  i s  perhaps fa r  from being a d i r e c t l y  propo9Lional 
dependence. T h i s  may be j u s t  our  case, s ince we know from the  observed 
precess iona l  motion of t he  tumbling axis t h a t  the  component along the 
tumbling axis o f  the s a t e l l i t e ' s  equivhlent dipole  was of t he  order  of 

0.6 amp - m . Experimentation i s  g rea t ly  needed on the eddy-current 
and magnetic hys te res i s  torques i n  a mawetized conductor. The para- 
meter a i s  d i r e c t l y  propor t iona l  t o  the conduct ivi ty  CJ of the  components 
of t he  payload and t o  the  square of the  permeabili ty w; the  parameter 

j3 i s  a l s o  proport ional  t o  u2 . 
as the temperature decreases;  the  permeabili ty of a me ta l  a l s o  changes 
wi th  t h e  temperature, but  t he  change v a r i e s  s t rongly from metal t o  metal 
and according t o  the range of temperature v a r i a t i o n .  For a very low f i e l d ,  such  
as the  e a r t h ' s  magnetic f i e l d ,  and f o r  i ron and some a l l o y s ,  p increases  
wi th  increasing temperature i n  the  a c t u a l  range of temperature v a r i a t i o n  
(-100' t o  +lo0 ) (Denker, 1962; Metals Handbook, 1961). 

a r e  almost constant,  we 

If the  e x t e r n a l  f i e l d  i s  not s t rong enough the eddy-current 

L '  

2 

The conduct ivi ty  0 d e f i n i t e l y  increases  

I n  f igu re  3 we have p l o t t e d  the  measured temperatures of t h e  MIT 
package and of the Narshal l  pa.clrage aga ins t  t ime (Lqkin, 1962). A 
c o r r e l a t i o n  between the  measured temperature of the  MIT package and the  
dece lera t ion  i n  the  f i r s t  per iod of the  observations can be seen.  An 
eva lua t ion  of the changing with time of the  c o e f f i c i e n t s  a! and B would 
be very d i f f i c u l t  f o r  many reasons the most important one i s  t h a t  no 
experimental  observations a r e  a v a i l a b l e  of the  changing w i t h  temperature 
of the  permeabili ty f o r  a very weak f i e l d .  The c o r r e l a t i o n  between temp- 
e r a t u r e  and decelerat ion could lead  t o  the  conclusion t h a t  the  decrease i n  
u with decreasing temperature i s  more important than the  increase of CJ with 
the  decreasing T, s ince the  torque decreases as T decreases .  

Combining the v a r i a t i o n  of H * along the  pa th  of the  s a t e l l i t e  

t he  v a r i a t i o n  of o and p with time could explain the  damping of the 
torque, but  any evaluat ion of 0 and,p would be based on very poorly known 
phys ica l  p roper t ies  of the payloads components. The p o s i t i o n  of perigee 
wi th  respec t  t o  the sun can be very important if we consider  the  shor t  
per iodic  temperature v a r i a t i o n s  of the sk in  o f ' t h e  s a t e l l i t e  a s  it passes 
f r o m  sunl ight  t o  shadow. 

and 
L 
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2 
Concerning t h e  change i n  H (see f i g .  3) ,  we a l s o  p l o t t e d  the  L 

geomagnetic index for reasons of completeness s ince  the f l u c t u a t i o n s  
of the  e a r t h ' s  magnetic f i e l d  with time a r e  never g r e a t e r  than a few 
p e r  cent of t h e  average value. On t h e  o t h e r  hand, we have observed a 
few coincidences between sudden var ia t ions  i n  the a c c e l e r a t i o n  wi th  
sudden v r i a t i o n s  i n  the  geomagnetic index (56, 63, 196 days a f t e r  
f i r i n g ) .  t 

d I  
d t  

2 

We t r y  now t o  evaluate w - i n  terms of the  magnitude of the 
d I  
d t  corresponding torque.  

t o  be of the  order  of 1 gram-ern /sec f o r  (J) 

Since w i s  o f  t he  order  of 0 . 5  rad/sec, - has 

t o  be comparable with 

the  osc i l l a t i i i g  torque.  Li 27 days the momeill of i n e r t i a ,  I, should 

have changed by 1.727 X 10 gram-em . This v a r i a t i o n  corresponds t o  
a 1-cm displacement of 0.8 kg a t  a d is tance  of 1 meter from the axis, 
which seems very improbable. On the o t h e r  hand, s ince the moment of 

i n e r t i a  of the s a t e l l i t e  i s  1 .6  x 10 gram-cm , a v a r i a t i o n  of 

1.728 X 10 gram-cm2 in 27 days corresponds t o  an expansion and con- 
t r a c t i o n  of 0.5 per  cent;  t h i s  means t h a t  t h e  v a r i a t i o n  i n  t h e  average 
temperature would be many hundreds of  degrees centigrade,  which i s  not 
very l i k e l y .  
temperature of t h e  main pai-ts of the body w i l l  not vary more than  50°C 
i n  27 days. 

6 2 

8 2 

6 

I n  f a c t ,  we may assume from observations t h a t  t h e  average 

Let us c a l l  I(t) the  average moment of i n e r t i a  i n  a one-day period, 
h(t) a hypothe t ica l  o s c i l l a t i o n  component of I(t) which i s  responsible 

f o r  t he  per iodic  o s c i l l a t i o n ,  u+(t), of w wi th  a per iod of 55 days. 

Hence we may write,  neglecting second-order terms, 

2 -1 8 
300 x 2 ~ r  
iS6 lo 16.2 X 2 ~ r  cos o t gram-em - day , dIT - I d %  

d t  w a t  

and we f i n d  t h a t  

6 2 I+ = - 3.6 x 10 s i n  0 t gram-cm . 

4 
Variat ions i n  t h e  geomagnetic index a r e  known t o  be cor re la ted  with 
v a r i a t i o n s  i n  t h e  atmospheric densi ty .  The normal atmospheric drag 
torque, however, i s  so small as t o  be n e g l i g i b l e  i n  t h e  damping process.  

-5- 



So I 
correspond t o  a temperature range of 600" i f  we assume t h a t  t h e  mean 
thermal coeff ic ient  of expansion i s  1.5 X 

has an amplitude o f  2 .2  p e r  cent of t h e  moment o f  i n e r t i a ,  which T 

OC-'. 

Final ly ,  we s h a l l  rule out  the  p o s s i b i l i t y  t h a t  the  o s c i l l a t i n g  
term i n  the  dece le ra t ion  i s  a second-order e f f e c t  of t he  torques 
( g r a v i t a t i o n a l  and msgnetic) producing the  precess iona l  motion of the  
tumbling a x i s .  Our main arguments a r e  f i rs t ,  t h a t  t h i s  should have 
exac t ly  t h e  same per iod as  the  precessional  motion, and second, t h a t  
t h e r e  i s  no evident reason why t h i s  o s c i l l a t o r y  term has t o  decay i n  
amplitude.  On the  o the r  hand, the  displacement of t he  tumbling a x i s  
p e r  day i s  l e s s  than loo, which corresponds t o  an  angular  v e l o c i t y  of 

l e s s  t h a n  
of the  order  of 0.5 rad/sec, t he  d i r e c t i o n  of t h e  a c t u a l  axis of ro t a -  
t i m  of t h e  r i g i d  body (obtained by the  sum of the  tumbling angular  
v e l o c i t y  vector  and the  angular  v e l o c i t y  of precession vec to r )  does 
not d i f f e r  from the  d i r e c t i o n  of t h e  a x i s  of tumbling by more than 

rad/sec. Since the  angular  v e l o c i t y  of t h e  s a t e l l i t e  i s  

2 x lo-' rad. 
i n i t i a l  Poinsot precessional  motion (which was damped ou-t by the  
nu ta t ion  damper) can expla in  the  change i n  angular  v e l o c i t y  wi th  t h e  
change of the a c t u a l  axis of r o i a t i o n .  
energy, constant angular  momentum), i f  we c a l l  A ,  B, I the  p r i n c i p a l  
moments of iner t ia  (I > B >A), and p,  q, r the  components of t he  
angular  ve loc i ty  wi th  respect  t o  t h e  p r i n c i p a l  a x i s  of t he  body, we 
w i l l  have 

This r u l e s  out  the  p o s s i b i l i t y  t h a t  a r e s i d u a l  of a n  

For a Poinsot motion (constant  

and, s ince  i n  the  present  cas? 1 2  B >>A > 

-10 -2 - 10 -2 Because p2 + q2 < 10 

means t h a t  - i s  two orders  of magnitude less than the observed o s c i l l a t i o n  

see , we have lpql < 0.7  X 10 see , which 
d r  
d t  

-8 -2 , which i s  more than 1.3 x 10 see . dw 
Of dt 

-b - 



3. We consider i n  t h i s  sec t ion  the short period e f f e c t  i n  t h e  pha.se s h i f t  
detected fr.om t h e  many observations taken i n  t h e  4 days, May 13, Aug. 17, 
Oct. 1, Oct. 12. Figure 4 shows t h e  difference A9 = No - Nc between 
the  number of revolutions observed a t  any event time and the  number of 
revolut ions computed f o r  the same ins tan t  on the hypothesis that the  
damping torque i s  constant  during the  day; the value of the average 
torque (i .e ., the value of t he  average decelerat ion)  i s  obtained from the 
least-squares  method, using a l l  the observations of the  day. I n  f i g u r e  5 
w e  have p l o t t e d  A 0  superimposing on the in t e rva l ,  corresponding t o  the  
f i r s t  o r b i t a l  period, a l l  t h e  in t e rva l s  corresponding t o  t he  following 
o r b i t a l  periods of the day. The maximum observed s h i f t  i n  any o r b i t a l  
per iod of the phase va r i e s  from about -0.04 t o  about 0.04 revolut ions.  
An increase i n  A 0 a f t e r  the e x i t  of the s a t e l l i t e  from the  e a r t h ' s  
shadow and a decrease near  the end of the time the s a t e l l i c e  spent i n  
sunl ight  i s  more o r  l e s s  w e l l  defined f o r  each day; i n  any case it i s  
always ev ident .  
has observed an a c c e l e r a t i o n  i n  the spin r a t e  of the S a t e l l i t e  Echo I 
as it s t a r t e d  t o  pass in to  the  e a r t h ' s  shadow; t h i s  was c e r t a i n l y  due 
t o  the  same thermal e f f e c t s .  

It i s  i n t e r e s t i n g  t o  note here that Lockwood (1960) 

We w i l l  explain t h i s  phase-shift  behavior as  a consequence of the  
thermal expansion and contract ion of the s a t e l l i t e .  
t he  v a r i a t i o n  of 0 ( t )  due t o  t h e  var ia t ion  of the temperature T of  the  
s a t e l l i t e .  Naturally,  s ince i n  one day the port ion of the  o r b i t  with 
respect  t o  the e a r t h ' s  shadow does not change, the  funct ion 0T( t )  can be 
considered as a per iodic  function, with the  period equal  t o  the o r b i t a l  
per iod.  

Let us c a l l  A e T ( t )  

In  f igu re  6 t h e  measured temperatures of t h e  4th-stage motor case for 
those  days c loses t  t o  t h e  days of many observations a r e  plotted,  and i n  
f i g u r e  7 t h e  temperatures of a sensor thermally i s o l a t e d  from the  s a t e l l i t e  
but  exposed t o  t h e  sun. (Snoddy, 1961; Lwnpkin, 1962). 

Since the expansion and contraction of the  skin of the s a t e l l i t e  
i s  most probably responsible f o r  the change i n  the  moment of i n e r t i a  w i th  
temperature, a f a i r l y  good approximation based on these measurements i s  
a temperature v a r i a t i o n  as p l o t t e d  i n  f igu re  9. A s  we a r e  working with 
phase observations having an accuracy b e t t e r  than  0.008 rev (which corres-  
ponds t o  an accuracy i n  time measurement of 0.1 sec) ,  we th ink  w e  are 
j u s t i f i e d  i n  assuming t h a t  t h e  temperature behavior p l o t t e d  i n  f igu re  9 
i s  a reasonable a p p r o x h a t i o n  of the temperatures observed on any day, 
i r r e s p e c t i v e  of the d a y .  Hence T i s  a s s h e d  t o  decrease l i n e a r l y  from 
5 t o  To i n  the  f i rs t  t h i r d  of the  period, t o  increase l i n e a r l y  from 

TB t o  T1 i n  the  second t h i r d  of the period, and f i n a l l y  t o  be constant  f o r  

t he  remaining p a r t  of the o r b i t a l  period. I n  t he  same f igu re  9 a more 
r e a l i s t i c  behavior of the  temperature v a r i a t i o n  i s  shown by a dot ted  l i n e .  

-7- 



Let us rewri te  equation (2) in  the  form 

where T i s  t h e  damping magnetic torque.  If w e  c a l l  w t he  average 

angular  ve loc i ty  f o r  one day and neglect  seco2d-order terms, w e  may wri te  
m 0 

Indeed, 

I(t)= Io (1 - a(%)) f (6) 

where a ( t )  i s ,  as we shall see  l a t e r ,  of t h e  o rde r  of and LO does no t  - 
change i n  one day more than 5 X lo-’ LO”. 

moment of i n e r t i a ,  t h a t  i s ,  t h e  value of I a t  the  maximum of the  body’s 
temperature.  

In equztioii (6), I9 i s  tlie maximum 

By in t eg ra t ing  ( 5 )  and neglect ing small terms we have 

+ 

Indeed, 

I(t)= Io (1 - a( t ) )  f (6) 

where a ( t )  i s ,  as we shall see  l a t e r ,  of t h e  o rde r  of 

change i n  one day more than 5 X 

moment of i n e r t i a ,  t h a t  i s ,  t h e  value of I a t  the  maximum of the  body’s 
temperature.  

and LO does no t  

L U ~ .  In equztioii (6), I9 i s  t h e  maximum 

By in t eg ra t ing  ( 5 )  and neglect ing small terms we have 

w he re 
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1 ”  

0 

N 

1 = -  T m ( t )  d.t , P I  
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w -  * 

The first term on t h e  right-hand s ide  of eq. (7)  i s  t h e  per iodic  p a r t  of 
t he  angular  ve loc i ty .  
as 

W e  may now w r i t e  the  moment of i n e r t i a  of t h e  body 

where R(T) = io fl - 6 (TI - T)], R s 2.255 m, m = 42.801 kg, and cy i s  a 0 
number very close t o  0.07 (a  l i t t l e  less than  f o r  a homogeneous cyl inder  
wi th  t h e  same length  and t h e  same mass). 
expansion coe f f i c i en t .  

L e t  us c a l l  6 t h e  average thermal 
Hence w e  may w r i t e  

(10) 
2 I(t) = a  m A0 [l - 28 (T1 - T)] . 

If w e  c a l l  9 the  angular  ve loc i ty  va r i a t ion  due t h e  temperature f luc -  

t ua t ion ,  we have 

where y = 2 wo 6 and 

By in t eg ra t ion  of (11) wi th  the  i n i t i a l  condi t ion 

QT (0) = 0 , 
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. 1 

We have 

O T ( t )  = 2 (T1 - To) t2  - 5 t (T1 - To) J 

1 0 < t 5 5 P ;  

and 

2P - < t < P  ; 3 

The behavior of t h e  func t ion  8(T) i s  c l e a r l y  represented i n  
f i g u r e  9. The maximum phase s h i f t  i s  

The maximum phase s h i f t  during the  sun l igh t  per iod i s  

A>T = - wo P 6 (T1 - To) . 
27 
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-5 oc-l = 6300 revlday, T1 - To = 50", , w@ If w e  assume 6 = 1.4 X 10 

P = 108.2 min = 0.075 day, we have 

N 

ne = 0.086 rev . 
T 

The value chosen f o r  6 i s  an average value of t h e  thermal expansion coe f f i -  
c i e n t s  of t he  d i f f e r e n t  metals used f o r  t he  main p a r t s  of t h e  s a t e l l i t e ;  f o r  
instance,  f o r  t h e  s t a i n l e s s  s t e e l  of  the 4th-stage motor case it is  
1 .3  X 10-5 OC-'; f o r  t h e  magnesium which w a s  used i n  t h e  MIT package it i s  
2 x 10-5 0c-l  . Furthermore, i f  thermal gradients  ex is t  i n  t h e  satel l i te ,  6 
w i l l  a l s o  depend on t h e  o r i e n t a t i o n  of the  tumble plane with respect  t o  t h e  
sun. 
t o  5800 rev/day i n  the  period of observations. 

4th-s tage motor case ( see  f i g .  6) ra ther  than  on t h a t  of t h e  i s o l a t e d  sensor,  
s ince  w e  assume t h a t  t h e  v a r i a t i o n  of the moment of i n e r t i a  i s  mostly r e l a t e d  
t o  t h e  expansion of t h e  s k i n  of t h e  s a t e l l i t e ,  and s ince  t h e  alluminum d i s c  
of t h e  i s o l a t e d  sensor ( f i g .  7)  had a s o l a r  absorp t iv i ty- to- inf ra red  emiss iv i ty  
r a t i o  which caused the  temperature of the  d i s c  t o  run higher.  

We have a l s o  assumed an average value f o r  wc, s ince  w var i e s  from 6700 
F i n a l l y  f o r  t he  v a r i a t i o n s  

. i n  temperature we based our assumptions on t h e  temperature measurements of t h e  

Since t h e  accuracy of t h e  phase observations i s  b e t t e r  than  0.008 rev, a 
displacement i n  phase of 0.086 rev, as given by (18), should be de tec tab le .  
I n  f ac t ,  as we said above, t h i s  i s  what appears c l e a r l y  i n  f igures  4 and 5. 
A tendency of gain i n  phase i n  the  period j u s t  a f t e r  e x i t  from t h e  e a r t h ' s  
shadow i s  present,  and more evident is  a tendency of loss i n  phase toward t h e  
end of t h e  sunl ight  period. A.comparative ana lys i s  of t h e  r e s u l t s  f o r  d i f f e r e n t  
days i s  qu i t e  d i f f i c u l t ,  s ince  the  e f f ec t ive  temperature f luc tua t ions  f o r  each 
day are not very w e l l  known although t h e  range Is close t o  50". 
we have is  t h e  time the  s a t e l l i t e  spent i n  sunl ight  ( f i g .  8)  and, s ince  t h i s  
var ies  s l i g h t l y  f o r  each day, it could be cor re la ted  with the  amplitude of 
T1 - To. I n  any event we do not th ink  it i s  worthwhile t o  push f u r t h e r  t he  
ana lys i s ,  s ince  the  agreement between theory and observation seems t o  be 
s u f f i c i e n t l y  good. 

The only datum 

Short  per iodic  v a r i a t i o n s  i n  the drag torque, with a period of t he  order 
of one day and of t h e  order  of one o r b i t a l  revolut ion,  can be present ,  b u t  
simple est imates  show t h e y  a r e  not de tec tab le  because of poor s t a t i s t i c s  during 
one per iod and because of t h e  superposi t ion of s o  many d i f f e r e n t  e f f e c t s  when 
comparing d i f f e r e n t  days. The per iodic  term we have observed and explained 
i s  a very important one. The corresponding per iodic  torque, t h a t  is ,  t he  
torque t h a t  can give t h e  same e f f ec t ,  is e a s i l y  computed. 

We may w r i t e  

2rrt 
8 = 0.25 s i n  (a) rad, where t i s  i n  seconds. 

-11 - 



Hence 

2llt 
sin ’ 4Tr2 x - -  d(’ - - 0.25 

d t  (6 .4)2 

and the torque is  

which i s  much more important than the  o t h e r  damping torques.  
observation enables us t o  say d e f i n i t e l y  that the  observed phase 
s h i f t  i s  due t o  temperature v a r i a t i o n s .  
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Figure 3, (a) and (b).--Constant and l i n e a r  terms from least-squares  f i t  t o  

2 
instantaneous tumble frequency; ( e )  temperature mea- 
surements by on-board sensors;  (a) computed value of HI 
average over one day; (e) ca lcu la ted  per  cent of o r b i t  
spent i n  sunl ight ;  ( f )  d a i l y  geomagnetic index. 
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